Neurobiological underpinnings of cortical thickness in the human brain are largely unknown. Here we use cell-type-specific gene markers to evaluate the contribution of 9 neural cell-types in explaining inter-regional variations in cortical thickness and age-related cortical thinning in the adolescent brain. Gene-expression data were derived from the Allen Human Brain Atlas (and validated using the BrainSpan Atlas). Values of cortical thickness/thinning were obtained with magnetic resonance imaging in a sample of 987 adolescents. We show that inter-regional profiles in cortical thickness relate to those in the expression of genes marking CA1 pyramidal cells, astrocytes, and microglia; taken together, the 3 cell types explain 70% of regional variation in cortical thickness. We also show that inter-regional profiles in cortical thinning relate to those in the expression of genes marking CA1 and S1 pyramidal cells, astrocytes and microglia. Using Gene Ontology analysis, we demonstrate that the difference in the contribution of CA1 and S1 pyramidal cells may relate to biological processes such as neuronal plasticity and potassium channel activity, respectively. This "virtual histology" approach (scripts provided) can be used to examine neurobiological underpinnings of cortical profiles associated with development, aging, and various disorders.
Introduction
In mammals, cerebral cortex represents the majority of brain tissue; with its cortical gray and white matter combined, the mass of cerebral cortex constitutes 82% of the total brain mass in humans (Herculano-Houzel 2009) . After stripping away white matter, gray matter of the human cerebral cortex weighs 632 g, or 42% of brain mass (Azevedo et al. 2009 ). This proportion is consistent with our in vivo volumetric assessments carried out with magnetic resonance imaging (MRI). We observe that the volume of gray matter of the cerebral cortex occupies 42% of the total brain volume (unpublished data from 559 individuals, 49 years of age). At a functional level, virtually all sensory, motor, and cognitive processes underlying everyday behavior engage cerebral cortex. The great majority of "activations" associated with the brain response to various stimuli/tasks map to cerebral cortex (77% of 413 429 activations reported in 11 406 functional imaging studies included in the Neurosynth database (http://www.neurosynth.org/); (Yarkoni et al. 2011) as of 30 January 2017).
A number of large MRI studies described age-related variations in cortical thickness in typically developing children and adolescents, as well as group differences between healthy individuals and those with various psychiatric disorders. During childhood and adolescence, cortical thickness decreases with age (Walhovd et al. 2017 ). This decrease may be mediated and moderated by various factors, such as sex and stress hormones (Wong et al. 2017) or cannabis use . Adult patients with various psychiatric disorders show lower volumes of cortical gray-matter or cortical thickness, as compared with healthy controls. Thus, a recent meta-analysis examined data published in 193 studies involving 7381 patients and 8511 matched controls across 6 diagnostic groups, namely schizophrenia, bipolar disorder, major depressive disorder, anxiety, substance use disorder, and obsessive-compulsive disorder. Two cortical regions showed consistently lower volumes of gray matter in patients, compared with healthy controls: dorsal anterior cingulate cortex and insula (Goodkind et al. 2015 ). An ENIGMA-based meta-analysis compared 2148 patients with major depressive disorder with 7957 healthy controls (Schmaal et al. 2017) . In this report, adult patients (vs. controls) had lower cortical thickness in 8 of 68 cortical regions segmented by FreeSurfer; the rather subtle differences (Cohen's d~0.12) were found in the orbitofrontal cortex, anterior cingulate cortex, insula, and the fusiform gyrus. Thus, MRI-based variations in cortical-gray matter volumes are present during development and in many psychiatric disorders but the neurobiology underlying these variations is unknown.
Gray matter of the human cerebral cortex consists of a variety of cells, including 6.18 billion neurons and 8.68 billion non-neuronal cells per hemisphere (Azevedo et al. 2009 ). The 2 main classes of neurons are pyramidal cells (~70% of all neurons) and interneurons (~30%) (Sloper 1973; Sloper et al. 1979; Druga 2009 ). Non-neuronal cells are mostly glia, namely astrocytes (~19% of all glial cells), microglia (~6%), and oligodendrocytes (~75%) (Pelvig et al. 2008) . Across different cortical regions, the number of neurons and non-neuronal cells appear to vary. A recent series of studies, using an isotropic fractionator method (Herculano-Houzel and Lent 2005) , suggests that both cellular and neuronal densities are the highest in sensory regions of the cerebral cortex in various primate species (Collins et al. 2010; 2016; Turner et al. 2016) . On the other hand, the original work by Rockel et al. (1980) and its recent replication by Carlo and Stevens (2013) found that the (absolute) number of neurons under a square millimeter of cortical surface, and through its entire thickness, is the same across a number of cortical regions (except for the primary visual cortex) and across different species. In the Carlo and Stevens study (Carlo and Stevens 2013) , cortical thickness varied slightly across cortical regions and species. These variations in thickness correlated strongly with the number of non-neuronal cells but not at all with the number of neurons (Carlo and Stevens 2013) . This observation may be crucial for the interpretation of in vivo studies of cortical thickness carried out with MRI in various populations, and aimed at enhancing our understanding of factors-in our genes and environment-shaping the human cerebral cortex across the lifespan, in health and disease.
Thus, our main question is as follows. Does the thickness of human cerebral cortex, measured with tools such as FreeSurfer (Fischl and Dale 2000) , reflect the number of neurons or glial cells? We address this question by correlating regional profiles of MRI-based estimates of cortical thickness with those of cellspecific gene expression estimated ex vivo for the same cortical regions. Applied more broadly, this approach should facilitate the neurobiological interpretation of MRI data acquired in studies of brain development and its disorders.
Methods
In this work, we employed publically available database of gene expression in the human cerebral cortex (Hawrylycz et al. 2012) summarized into 34 cortical regions (left hemisphere) segmented by FreeSurfer (French and Paus 2015) . As cell-specific markers, we selected genes identified by others as unique to one of 9 cell types using cluster analysis of gene expression assessed with sequencing of single-cell RNA extracted from brain tissue from the mouse somatosensory cortex (S1) and the CA1 region of the hippocampus (Zeisel et al. 2015) . We related inter-regional gene-expression profiles of the 9 cell types, namely S1 pyramidal neurons, CA1 pyramidal neurons, interneurons, astrocytes, microglia, oligodendrocytes, ependymal cells, endothelial cells, and mural cells, to inter-regional profiles in cortical thickness, and age-related cortical thinning, measured with MRI in a community-based sample of adolescents from the Saguenay Youth Study, SYS (Pausova et al. 2007 (Pausova et al. , 2016 .
Saguenay Youth Study
Adolescents were recruited from a population with a known founder effect, namely Saguenay-Lac-Saint-Jean region of Quebec, Canada (Pausova et al. 2007 ). Both maternal and paternal grandparents of the adolescents were of French-Canadian ancestry born in the region; as such, all adolescents are of a single ethnicity, namely white Caucasians of French Canadian ancestry. This is a community-based sample recruited in local high schools; age: mean age of 15.02 years (SD = 1.84), range between 12 and 19.1 years; full-scale IQ: mean of 104.4 (SD = 12.1); Household income: <20 000 CAD (13%), 30 000-40 000 (19%), 50 000-60 000 (24%), 70 000-80 000 (20%), and ≥80 000 (24%) (for details, see Paus et al. 2015; Pausova et al. 2016 ). The main "exclusion criteria" were: (1) positive medical history for meningitis, malignancy, and heart disease requiring heart surgery; (2) severe mental illness (e.g., autism and schizophrenia) or mental retardation (IQ < 70); (3) premature birth (<35 weeks); and (4) MRI contraindications. A total of 987 adolescents were included in the analysis of the relationship between cortical thickness and gene-expression profiles (479 males, 15.0 ± 1.8 years of age [mean ± SD]; 508 females, 15.2 ± 1.9 years of age). The Research Ethics Committee of the Chicoutimi Hospital approved the study protocol.
Acquisition and Analysis of Magnetic Resonance Images
T1-weighted (T1W) images were acquired on a Phillips 1.0-T superconducting magnet (Gyroscan NT; Philips Medical Systems, Best, the Netherlands) using the following parameters: 3D RF-spoiled gradient echo scan with 140-160 sagittal slices, 1-mm isotropic resolution, TR = 25 ms, TE = 5 ms, and flip angle = 30°. Using these T1W images, we extracted cortical thickness using FreeSurfer (Version 5.3.), a set of automated tools for the reconstruction of the cortical surface (Fischl and Dale 2000) . For every MR image, FreeSurfer segments the cerebral cortex, the white matter, and other subcortical structures, and then computes meshes with ≈160 000 triangles that recover the geometry and the topology of the pial surface and the gray/white interface of the left and right hemispheres. The local cortical thickness is measured as a distance between the position of homologous vertices in the pial and gray/white surfaces. A correspondence between the cortical surfaces across participants is established using a nonlinear alignment of the principal sulci in each participant's brain with an average brain (Desikan et al. 2006) . Quality control of all FreeSurfer outputs was carried out visually using an in-house interface; 30 participants failed this quality control and were excluded from further analyses.
Allen Human Brain Atlas
Gene-expression data were obtained in postmortem human brains from the Allen Human Brain Atlas that provides comprehensive coverage of the normal adult brain (Allen Institute for Brain Science; http://www.brain-map.org (Hawrylycz et al. 2012) ). Fresh-frozen brains were slabbed, sectioned, and blocked. Expert macrodissection of anatomically defined cortical regions was guided by histological information (Nissil and other markers). Isolated RNA was hybridized to custom 64K Agilent microarrays (58 692 probes). The above steps were carried out by the Allen Institute. Expression data are available for the left hemispheres of 6 donors of the following sex and age: males (ages 24, 31, 39, 55, and 57 years) and a female (age 49 years). Note that the right-hemisphere data were available for 2 donors only, hence, the use of the (left) hemisphere dataset. Based on blood samples acquired after death, all donors were free of drugs prescribed for psychiatric disorders. Using procedures developed by French and Paus (French and Paus 2015) , we mapped the gene-expression data from the Allen Human Brain Atlas to the 34 cortical regions defined by the DesikanKilliany atlas (Desikan et al. 2006) . To do so, we used the MNI152 coordinates to determine if a specific sample was contained in a FreeSurfer cortical region. In order to map the MNI152 coordinates (Allen Human Brain Atlas) into the FreeSurfer space, we ran FreeSurfer 5.3 on the MNI152 template to produce sets of MNI152 coordinates corresponding to each of the FreeSurfer cortical regions. A sample was mapped semiautomatically to a FreeSurfer region if its MNI 152 coordinates were inside or close to a FreeSurfer cortical region and matched the Allen Institute annotation; this was the case for a total of 1 269 samples that mapped to 34 cortical regions of the left hemisphere. The number of samples per cortical region ranged from 6 (bankssts) to 100 (superiorfrontal). Detailed statistics is provided in DKRegionStatistics.tsv published in our previous report (French and Paus 2015) . The expression values of the mapped samples were mean averaged across microarray probes to provide a single expression value for each gene for a given sample. Median averages were used to summarize expression values within each of the 34 regions in the left hemisphere for a specific donor, then followed by the median average across the 6 donors to provide a single value for each region. The latter represents median profile for a given gene across the 34 cortical regions. Finally, to assess consistency of these inter-regional profiles across the 6 donors, we calculated mean Spearman correlation between each of the donor's profiles (for each gene) and the median profile for each gene. Using this metric, the median profile provides a good approximation across the donors for 39.7% of the assayed genes (rho > 0.446 corresponding to one-sided P < 0.05 derived from random simulations of donor expression profiles) (French and Paus 2015) .
BrainSpan Atlas
The BrainSpan atlas provides gene expression data in the developing human brain (www.brainspan.org). Here, we limited the samples by donor age that is within the age range of adolescents included in the Saguenay Youth Study (12-19 years of age) and donors constituting the Allen Human Brain Atlas (24 to 57 years of age). In this age range, there are 9 individuals of the following sex and age: 5 males (ages 15, 18, 23, 36, and 37 years) and 4 females (ages 13, 21, 30, and 40 years). We then downloaded gene-expression values obtained in 11 cortical regions included in the BrainSpan atlas that are homologous to those corresponding closely to the Desikan-Killiany parcellation employed in our work with the Allen Human Brain Atlas (the list of these regions is provided in (Wong et al. 2017) ).
Genes With Consistent Gene-Expression Profiles
From the 20 737 genes profiled in the Allen Human Brain Atlas, a panel of genes with consistent gene-expression profiles (n = 2 511) was obtained by applying the following 2-stage procedure. In Stage 1, we selected genes showing consistent profiles of their expression across the 34 regions of the human cerebral cortex in the 6 donors included in the Allen Human Brain Atlas (i.e., donor-to-median correlation rho > 0.446 (French and Paus 2015) ). In Stage 2, we compared the profiles of these genes (selected in Stage 1) between 2 datasets, namely the Allen Human Brain Atlas and the BrainSpan Atlas; in this case, the profiles were based on expression values across 11 cortical regions available in both atlases. Only genes that showed correlation between the 2 profiles higher than r = 0.52 (one-sided test P < 0.05) were retained.
Panels of Cell-Specific Marker Genes
Lists of genes expressed in specific cell types were obtained from Zeisel et al. (2015) . Zeisel and colleagues obtained singlecell transcriptomes for 3005 cells from the somatosensory cortex (S1) and hippocampus (CA1 region) of mice aged 21-31 postnatal days (both sexes). They then biclustered expression and cells into 9 classes (Table S1 in Zeisel et al. 2015 ); each class contains over 100 genes. Mouse genes marking these classes were converted to human gene symbols using the HomoloGene database (http://www.ncbi.nlm.gov/homologene, build 68; (O'Leary et al. 2016) ), and the homologene R package by Ogan Mancarci (https://github.com/oganm/homologene).
The resulting classes of cell types are named as follows: S1 pyramidal neurons (n = 236 human gene symbols), CA1 pyramidal neurons (n = 357), interneurons (n = 293), astrocytes (n = 214), microglia (n = 374), oligodendrocytes (n = 393), ependymal (n = 415), endothelial (n = 321), and mural (pericytes and vascular smooth muscle cells; n = 133). After intersecting these lists with the 2511 "consistent" genes in the reference panel, the following number of genes per cell-type remain: S1 pyramidal neurons (n = 73), CA1 pyramidal neurons (n = 103), interneurons (n = 100), astrocytes (n = 54), microglia (n = 48), oligodendrocytes (n = 60), ependymal (n = 84), endothelial (n = 57), and mural (n = 25). Supplementary Table S1 contains the lists of these cell-specific gene markers (with consistent geneexpression profiles, as defined above).
Gene Ontology Enrichment Analysis
The hypergeometric test was used to measure enrichment of Gene Ontology (GO) groups in the 9 gene sets, one for each cell type. GO groups were obtained using the GO.db and org.Hs.eg. db packages in R (Carlson 2016a,b) . The annotations were recent, with a GO source version date of 14 March 2016. GO annotations from all 3 domains were used, namely cellular component, molecular function, and biological process. P-values were calculated with the hypergeometric test and corrected for multiple tests using FDR-correction as implemented in the tmod R package (http://bioinfo.mpiib-berlin.mpg.de/tmod/). The 2511 genes with consistent inter-regional profiles of their expression were used as the background gene set. The CA1 and S1 pyramidal cell-type genes were used as foreground sets. GO groups that contained more than 10 and less than 200 genes after intersection with this background gene set were used (3595 GO groups).
Schizophrenia-Associated Genes
Protein-coding genes in the 108 genetic loci detected by a meta genome-wide association study were obtained from Supplementary Table 3 in (Schizophrenia Working Group of the Psychiatric Genomics 2014). From the "Protein-coding genes" column, we extracted 346 unique genes of which 59 were in our reference panel of consistent genes.
Statistical Analysis
Profiles of Cortical Thickness/Thinning For cortical thickness in SYS adolescents, we obtained interregional profiles by computing average cortical thickness across the 34 cortical regions of the left hemisphere in male, female, and all participants. Because the sex-specific profiles were highly correlated with each other, we used a "pooled" profile obtained by computing the average cortical thickness from all adolescents in all following analyses. For age-related cortical thinning, we considered sex-specific inter-regional profiles to accommodate the known sex differences in cortical thinning during adolescence. To obtain these profiles, we first computed correlation coefficients between age and cortical thickness across 34 cortical regions of left hemispheres in males and females separately. We then multiplied the age-thickness correlation coefficients by −1 such that higher values indicate greater degree of thinning.
Correlation Between Expression-Thickness/Thinning Profiles With the resulting thickness/thinning profiles in SYS samples, we computed their Pearson correlation coefficients with the median inter-regional profile of gene expression levels (Allen Human Brain Atlas) for each marker gene to measure genespecific expression-thickness/thinning correlation. We examined empirical distributions of the expression-thickness/thinning correlation coefficients in the 9 cell-types, using kernel density estimation implemented in R (Team 2016 ).
Test of Association Between Cell Type and Cortical
Thickness/Thinning A resampling-based approach was used to test the association between cell-type expression profiles and cortical thickness/ thinning profiles. For the test statistic, we chose to use the average expression-thickness correlation for each panel of genes. Our rationale was that if a cell type underlies cortical thickness or thinning, the mean of the expression-thickness/thinning correlation coefficients for the genes in the cell-type panel should differ from that for a random set of genes. For each cell-type panel, we obtained the empirical null distribution of the test statistic as follows.
(1) From all the 2 511 genes in the reference panel, we selected randomly the same number of genes as that of the genes in the cell-type panel under consideration. (2) For these selected genes, we calculated their expression-thickness/ thinning correlation coefficients and obtained their average value. We repeated steps (1) and (2) 10 000 times and used the distribution of the resulting values of the test statistic to estimate the null distribution. Based on the empirical null distribution, we obtained two-sided P-value by calculating the proportion of the averages whose absolute values exceeded the observed absolute value of the average for the genes in the original cell-type panel. We rejected the null hypothesis at the 5% FDR-adjusted significance level, correcting for multiple testing of the 9 cell-type panels. We also calculated the 2.5% and 97.5% critical values for the test statistic by computing the 2.5th and 97.5th percentiles, respectively, under the empirical null distributions and used them to visualize whether the observed average correlation coefficients exceed the critical values (i.e., the null hypothesis gets rejected at the given significance level).
Variation of Inter-regional Cortical Thickness/Thinning Profiles Explained by Cell Types
The percent of variation of cortical thickness/thinning profiles explained by cell types was estimated by the R-squared values obtained from fitting linear regression models, each of which used the thickness or thinning profile as the dependent variable and the "overall" average expression-profiles for the statistically significant cell-types as the independent variables. For example, for cortical-thickness profile, the following regression model was used: The overall average expression-profile, for a given cell type, was obtained by averaging expression levels across the 34 cortical regions over all the genes marking a given cell type.
Overlap Between Genes Associated With Schizophrenia and CellSpecific Marker Genes
The hypergeometric test was used to determine statistical significance of the overlap between genes associated with schizophrenia and cell-specific marker genes.
Overview of Scripts and Data Files
in total, 5 data and 4 R script files used for selecting "Genes with consistent gene-expression profiles", and running "Gene Ontology enrichment analysis" and "Statistical analysis" are available at the figshare repository (Shin and French 2017) . Detailed description of these files and R scripts is provided in Supplementary Information. Figure 1A shows the inter-regional profile in cortical thickness across the 34 regions, as obtained in SYS adolescents (n = 987). Note that sex-specific profiles are virtually identical (r = 0.99; Figure 1S ). Therefore, we constructed a single profile of cortical thickness using the pooled sample of male (n = 479) and female (n = 508) adolescents and correlated it with expression profiles of cell-specific (marker) genes. For each panel, we compared the average correlation coefficients (expression vs. thickness across 34 regions) against the empirical null distribution based on 10 000 gene-sets, each containing the same number of genes as in the given cell-specific panel, randomly drawn from the reference panel (see Methods for details). All genes used here satisfy 2 consistency criteria: (1) similarity of inter-regional profiles in gene expression across the 6 donors included in the Allen Human Brain Atlas (French and Paus 2015) ; and (2) similarity of median gene-expression profiles calculated from 2 independent datasets, namely the Allen Human Atlas (French and Paus 2015) and Brainspan Atlas (www.brainspan.org).
Results
As shown in Figure 1B (statistics in Supplementary Table S2), we observed that the average correlation coefficient for each of the following cell types differed from the empirical null distributions: CA1 pyramidal neurons, astrocytes, and microglia (False discovery rate [FDR]-corrected P values = 0.001, 0.002, and 0.015, respectively). Note that for all 3 panels, the distribution of correlation coefficients is skewed to the right indicating higher-than-expected number of positive correlations between thickness and expression profiles; the higher the gene expression values are, the thicker a cortical region is. The average correlation coefficients were 0.29, 0.31, and 0.25 for CA1 pyramidal cells, astrocytes, and microglia, respectively (Fig. 1B , vertical dashed-line). Figure 2 illustrates the similarity of the inter-regional variations in cortical thickness ( Fig. 2A) with those in the expression of the top gene marker (i.e., with the most positive correlation coefficient) of CA1 pyramidal neurons (PPP4R4; Fig. 2B ), astrocyte (FABP7; Fig. 2C ) and microglia (SUSD1; Fig. 2D ). Taken together, the 3 cell types explain 70% of regional variation in cortical thickness.
Next, we asked whether similar panels explain also interregional variations in age-related cortical thinning. In our previous work, we have tested (and confirmed) a possibility that variations in the expression of androgen receptor (AR) and glucocorticoid receptor (NR3C1) genes relate to those in cortical thinning during adolescence (Wong et al. 2017 ). Here we ask which cell types underlie cortical thinning during this period of human development. Given the known sex differences in cortical thinning during adolescence (Fig. 3A , Dataset S3), we have carried out these analyses in each sex separately. As shown in Figure 3B (statistics in Supplementary Table S3), in both males and females, the distribution for the following cell-specific panels differed from that obtained in the reference panel (FDRcorrected P values): S1 pyramidal neurons, CA1 pyramidal neurons, astrocytes, and microglia in males (P = 0.003, 0.003, 0.003, and 0.020, respectively) and females (0.020, 0.001, 0.001, and 0.003, respectively), and oligodendrocytes and ependymal in males only (P = 0.041 for both cell types). Note that for all but S1 pyramidal cells and oligodendrocytes, the distribution of the correlation coefficients is skewed to the left indicating higherthan-expected number of negative correlations between the degree of cortical thinning and gene expression; higher gene expression, less thinning. The opposite is true about S1 and oligodendrocyte cells; higher expression is associated with more thinning. The average correlation coefficients in females (males) were 0.12 (0.19) for S1 pyramidal cells, −0.14 (−0.15) CA1 pyramidal cells, −0.18 (−0.20) for astrocytes, −0.18 (−0.17) for microglia, 0.06 (0.13) for oligodendrocytes and −0.08 (−0.12) for ependymal cells (Fig. 3B, vertical dashed lines) . Taken together, these cell types explain 72% (males) and 36% (females) of interregional variations in cortical thinning during adolescence.
As pointed out above, gene markers of pyramidal cells from the 2 brain regions, namely hippocampus (CA1) and cerebral cortex (S1), showed the opposite relationship between the expression of their genes and cortical thinning across the 34 regions. Furthermore, gene-expression profiles of CA1 pyramidal cells correlate with both the thickness and thinning profiles while those of S1 pyramidal cells correlate only with the latter. To gain insights into possible reasons for these differences in expression-thinning relationships, we used GO analysis to ascertain key differences between the 2 types of pyramidal cells with regard to the 3 GO domains, namely cellular component, molecular function, and biological process. As detailed in Supplementary Table S4, the top GO groups for the CA1 and S1 pyramidal cells are very different. Gene markers of CA1 pyramidal cells appear to be associated mostly with GO terms consistent with the role these cells in neural plasticity (top GO term: "regulation of dendrite extension"). On the other hand, genes marking S1 pyramidal cells are associated with GO terms pointing to the role of these cells in the regulation of membrane potentials and neurotransmission (top GO term: "potassium ion transport").
As a proof-of-principle, we tested for overlap between genes associated with schizophrenia and the 9 sets of cell-specific gene markers. As shown in Table S5 , such an overlap was observed for the set of gene markers of astrocytes (4 overlapping genes: EPHX2, LUZP2, NCAN, PRKD1; P = 0.036) but not for any other cell type.
Discussion
Here we show that inter-regional variations in cortical thickness can be explained, in part, by inter-regional variations in the expression of genes marking 3 types of cells: astrocytes, microglia, and CA1 pyramidal cells. Taken together, the 3 cell types explain 70% of regional variation in cortical thickness. We also show that age-related thinning of the cerebral cortex during adolescence is related to the same 3 cell types and, in the opposite direction, S1 pyramidal cells. In males only, we also observed a relationship between inter-regional variations in cortical thinning and those in the expression of genes marking oligodendrocytes and ependymal cells. In the text below, we discuss a number of issues pertinent to the interpretation of these findings, and the relevance of our approach for facilitating understanding of the neurobiology underlying MRI-based phenotypes associated with various brain disorders.
A key question that needs to be addressed is whether interregional differences in the expression of marker genes reflect those in cell numbers or single-cell transcription levels. Thus, for example, do cortical regions differ in the number of astrocytes, with each astrocyte (regardless its location) having the same transcription levels, or do different regions contain the same number of astrocytes producing different number of transcripts depending on where they are located?
The former scenario is supported by a limited literature on inter-regional variations in non-neuronal and neuronal cells, as assessed with histological techniques in the human brain (Pelvig et al. 2008; Walloe et al. 2014) . It is also consistent with The empirical distribution of the expression-thickness correlation coefficients for genes in each of the 9 cell-type panels. For each plot in (B), the x-axis indicates the coefficients of correlation between average cortical thickness and expression profiles for a given set of cell-specific marker genes; the y-axis indicates the estimated probability density for the correlation coefficients; the vertical dashed-line indicates the average expression-thickness correlation coefficient across all the marker genes in a cell-type; and the vertical edges of the shaded gray box indicate the 2.5% and 97.5%-critical values obtained from the empirical null distribution of the average expression-thickness correlation coefficients. If a vertical line sits outside the gray box, it indicates that the null hypothesis (of no association between a cell type and cortical thickness) can be rejected at the unadjusted 5% significance level. The cell-types that were statistically significant after FDR-adjustment were indicated by asterisk marks. The null distribution for each cell type was estimated based on the average coefficients obtained from 10 000 sets of n randomly selected genes from the 2511 genes in the reference panel, where n indicates the number of genes in the cell type under testing. current theories of cortical development of the primate cerebral cortex, including regional nonuniformity in early stages of fetal development (Rakic et al. 2009) . At a cellular level, this nonuniformity is reflected in striking differences in both cellular (all cells) and neuronal densities between sensory and nonsensory cortical regions; in most nonhuman primates examined in studies by Collins and colleagues, both densities are greater in sensory regions (Collins et al. 2010 ; note, however, that these studies used a normalization procedure whereby the number of cells in a cortical sample was divided by the sample weight. On the other hand, Carlo and Stevens counted the total number of cells "under 1 mm 2 " of cortical surface across 4 cortical regions (excluding V1) in 4 species: in their analysis, thicker regions contained more (glial) cells (Carlo and Stevens 2013) . In the human brain (Fig. 1A, Fig. S1 , Dataset S1), sensory areas appear to be located in cortical regions with the lowest thickness; the "thickness" rank ( (Fig. 3A , Dataset S3).). As can be seen in Figure 2 (Dataset S2), sensory regions are among those with the lowest expression values of genes marking astrocytes, microglia and CA1 pyramidal cells. Thus, our observations are consistent with those of Carlo and Stevens who concluded that "as the cortex becomes thicker, it is adding neuropil volume and glial cells … in a way that keeps glial density constant" (Carlo and Stevens 2013) . In light of the above literature, we suggest that interregional differences in the expression of marker genes reflect those in cell numbers. Nonetheless, we cannot rule out the possibility that, depending on the local (cellular) environment, the same cell type may up-or down-regulate expression of some of its marker genes. At present, it is difficult to evaluate this scenario; we are not aware of any single-cell expression data obtained in the same cell types located in different cortical regions. Even if it were the case, however, similarity of the inter-regional profiles of gene expression between donors suggests that such region-specific variations in the number of transcripts produced by the same cell type would have to be strongly regulated in a constitutive manner.
As noted above, all 3 relationships between inter-regional variations in the expression of cell-type-specific marker genes (i.e., astrocytes, microglia, and CA1 pyramidal cells) and cortical thickness are positive: more expression, thicker the cortex. These 3 types of cells, and ependymal cells, also behave similarly with regards to cortical thinning: more expression, less thinning. This is not so, however, for S1 pyramidal cells and oligodendrocytes. While their expression profiles are unrelated to those in cortical thickness, genes marking S1 pyramidal cells and oligodendrocytes (in males) show the opposite relationship with cortical thinning: more expression, more thinning. Next, we address these observations. By sampling 2 distinct brain regions, namely the hippocampus (CA1 region) and the primary somatosensory cortex (S1), Zeisel and colleagues identified 2 types of pyramidal cells characterized by nonoverlapping sets of gene markers (Zeisel et al. 2015) . The GO analysis of the 2 panels of genes revealed that these gene-expression phenotypes are consistent with the prevailing function of the 2 brain regions, namely neural plasticity (CA1 pyramidal cells) and a tight regulation of neuronal activity in the service of spatial and temporal discriminability (S1 pyramidal cells). Pyramidal cells of these 2 phenotypes are present throughout the cerebral cortex, as indicated by the observed inter-regional variations in the expression of their marker genes in the Allen Human Brain Atlas. But as pointed out above, they appear to contribute differently to interregional variations in cortical thickness: inter-regional indicates the coefficients of correlation between sex-specific cortical thinning and expression profiles for a given set of cell-specific marker genes; the y-axis indicates the estimated probability density for the correlation coefficients; the vertical dashed-line indicates the average expression-thinning correlation coefficient across all marker genes in a specific cell type; and the vertical edges of the shaded gray box indicate the unadjusted 2.5% and 97.5%-critical values obtained from the empirical null distribution of the average expression-thinning correlation coefficients. If a vertical line sits outside the gray box, it indicates that the null hypothesis (of no association between a cell-type and cortical thinning) can be rejected at the unadjusted 5% significance level. The cell-types that were statistically significant after FDRadjustment were indicated by asterisk marks. The null distribution for each cell type was estimated based on the average coefficients obtained from 10 000 sets of n randomly selected genes from the 2511 genes in the reference panel, where n indicates the number of genes in the cell type under testing. In plots shown in panel B, the x-axis indicates the coefficients of correlation between average cortical thinning and expression profiles for a given set of cell-specific marker genes; the y-axis indicates the estimated probability density for the correlation coefficients.
variations in the expression of CA1 pyramidal cells correlate positively with thickness and negatively with thinning, while those in S1 pyramidal cells do not correlate with thickness and correlate positively with thinning. This contrast offers some insights into cellular and molecular mechanisms that might underlie expression-thickness relationships. Thus, molecular and cellular events mediated by "CA1" genes appear to maintain a thick cortex, perhaps through their action on dendritic branching or dendritic spines (top GO terms: "regulation of dendrite extension"). On the other hand, events mediated by "S1" pyramidal cells may facilitate cortical thinning, perhaps in relation to intra-and extra-cellular concentrations of potassium (top GO terms: "potassium ion transport", "voltage-gated potassium channel activity"), which is known to influence apoptosis (Contestabile 2002; Yu et al. 2006; Golbs et al. 2011; Cotella et al. 2012) .
The association between cortical thinning and oligodendrocyte profiles observed here in male adolescents may reflect a partial-volume effect due to the myelination of intracortical axons and/or adjacent ("superficial") white matter, which continues into adulthood (Kaes 1907) . By shortening T1 relaxation times, myelin would increase signal intensity in cortical graymatter on T1-weighted images, thus reducing potentially its apparent thickness estimated by image-analysis tools such as FreeSurfer. The directionality of this relationship-more expression, more thinning-is consistent with this possibility.
As pointed out in the Introduction, a number of psychiatric disorders are associated with variations in cortical thickness and cortical thinning, including schizophrenia (Palaniyappan et al. 2011; Assuncao Leme et al. 2013; Knochel et al. 2016) , bipolar disorder (Elvsashagen et al. 2013; Knochel et al. 2013 Knochel et al. , 2016 Oertel-Knochel et al. 2015) , autism (Raznahan et al. 2010; Libero et al. 2014; Yang et al. 2016) , and major depressive illness (Schmaal et al. 2016) . Although not examined systematically, results of many of these studies reveal inter-regional variations in their findings (e.g., Table 1 in Schmaal et al. 2016) . Neurobiological interpretations of these variations have been challenging; it is likely, for example, that regional variations in neuronal plasticity are likely to involve developmental changes in the number of various neuronal (e.g., pyramidal cells, interneurons) and non-neuronal (astrocytes, oligodendrocytes) cell types (Espinosa and Stryker 2012; Le Magueresse and Monyer 2013; Fields et al. 2014) . Our initial proof-of-principle analysis of the overlap between cell-specific gene markers and genes associated with schizophrenia (Schizophrenia Working Group of the Psychiatric Genomics 2014) points to astrocytes as a cell type contributing to the "thinning" of the cerebral cortex in patients with schizophrenia. Similar analyses could explore, for example, cellular contributions to the observed genetic clustering of cortical thickness and its relationship to development and aging (Fjell et al. 2015) .
Finally, we should point out one limitation inherent in our approach, namely that the 2 datasets (i.e., in vivo estimates of cortical thickness and ex vivo estimates of gene expression) come from different individuals. This cross-dataset approach requires high confidence in the group-based profiles derived from the 2 datasets. In case of cortical thickness, the average profiles are robust; note, for example, that the male and female profiles are virtually identical ( Figure S1 ). In case of gene expression, we employ only genes with similar inter-regional profiles in 2 independent samples of postmortem brains, namely the Allen Human Brain Atlas and the BrainSpan atlas. It is likely that increasing the number of donors would enhance the number of genes with reliable estimates of inter-regional profiles. Nonetheless, it is remarkable that such profiles of gene expression can be estimated reliably with data obtained in as few as 6 donors for as many as 2511 genes. Thus, our "virtual histology" approach is suitable for assessing relative contributions of the 9 cell types, including neuronal and non-neuronal (glial) cells, to the observed developmental and/or diseaserelated differences in inter-regional profiles of cortical thickness.
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Supplementary data are available at Cerebral Cortex online.
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